Nitrogen fixation by six varieties of Trifolium subterraneum L., each inoculated with a number of strains of Rhizobium trifolii, was examined over a range of root temperatures. Significant differences in the rate of nodule establishment and early nitrogen fixation were found between varieties, and between bacterial strains. In order to minimize the effect of such differences, relative nitrogen assimilation rates (RN) and relative growth rates (R w) were used to compare the different legumebacteria associations.
1. INTRODUCTION The concept of a differential influence of the environment on both nodulation and symbiotic nitrogen fixation by legume-nodule bacteria associations (hereafter termed symbiotic combinations) has been developed in recent years. Pate (1961 Pate ( , 1962 showed that the number of nodules formed by different strains of nodule bacteria on Medicago tribuloides Desr. and on Vicia atropurpurea Desr. was a function of temperature, and that each strain responded in a different manner to the temperature. A similar interaction was found in the nitrogen fixation data from these experiments in which the plants were exposed to the temperature treatment from the time of inoculation. To minimize the effect of root temperature on nodule formation, Gibson (1961 Gibson ( , 1963 exposed well-nodulated plants of four varieties of Trifolium subterraneum L., inoculated with each of two strains of Rhizobium trifolii, to various root temperatures and found that the amount of nitrogen fixed by any variety was dependent on the root temperature and the strain of nodule bacteria.
Further studies have accentuated a problem first realized in these original experiments, namely the effect of nitrogen fixation and growth during the pretreatment or nodule establishment phase on further nitrogen fixation and growth by these plants in the treatment phase. Expression of the results as either final yield, or as nitrogen assimilation and growth during the treatment phase, does not take into consideration differences between the various combinations of plant and bacteria at the completion of the pretreatment phase. By expressing the results in the form of relative nitrogen assimilation rates (RN) or relative growth rates (Rw) , the effect of such differences should be minimized.
An essential requirement for the use of such quantities is that the increase in total nitrogen and dry matter should be exponential during the treatment phase. As this requirement was met by two varieties of T. subterraneum, each nodulated by two strains of Rh. trifolii and grown over a range of root temperatures (Gibson 1963) , the use of these quantities in expressing the results is considered valid.
In this paper, the use of RN and Rw is examined and the results applied to the study of nitrogen assimilation and growth of six varieties of T. subterraneum when inoculate Ai with a number of strains of Rh. trifolii and grown at various root temperatures. As the principal aim is to study nitrogen fixation, emphasis is placed on the use of R N, while consideration is also given to the relationship between RN and Rw in these experiments.
II. MATERIALS AND METHODS

(a) Host Material
Certified commercial seed of T. subterraneum varieties Bacchus Marsh, Clare, Dwalganup, Tallarook, and Yarloop was obtained from F. H. Brunning Pty. Ltd., Melbourne. Seed of the variety Howard was obtained from Mr. J. Peak of this Division. Within each experiment, the seeds were selected visually for uniformity of size within varieties, and with the varietal means falling within a 1·5 mg range.
(b) Bacterial Strains
Rh. trifolii strains used were TAl and SU489 (a variant of TAl) (both ex T. repens L.), and CCI7, CC21, CC242, NA30, TA2, UNZ29, and WA7l (all ex T. subterraneum L.). Three-day-old cultures grown on yeast mannitol agar were used to prepare the inocula.
(e) Seed Germination
The seeds were surface-sterilized by immersion for 15 sec in ethanol followed by 5 min in HgCl 2 (0·1 % w/v); they were rinsed lO times in sterile distilled water.
Otherwise the technique was the same as used previously (Gibson 1963) . The ethanol/ HgCl 2 method of surface sterilization gave consistently better germination and seedling establishment than the concentrated sulphuric acid method.
(d) Plant Culture
The technique was essentially the same as that used previously (Gibson 1963) but the following modifications were made. The plants were grown in the controlled environment units from the time of sowing and all plants were inoculated 3 days after sowing. After a pretreatment or nodule establishment period of 12 days following inoculation (14 days in experiment III), the plants of each host varietybacterial strain treatment were ranked according to size and appearance. From this ranking, groups of plants were taken so that within each group the plants were uniform. One plant from each group was harvested immediately (pretreatment harvest) and the remainder allocated to root temperature treatments. This procedure was necessary for the calculation of relative growth and nitrogen assimilation rates. For each treatment, there were 10 replicates of each symbiotic combination at each root temperature. The nitrogen control plants were not inoculated, but received 0·2 mg nitrogen (as NH 4 N0 3 ) 12 days after germination, 5 mg nitrogen at the end of the pretreatment period, and a further 5 mg nitrogen 10 days later, where necessary.
(e) Environmental Conditions
The plants were grown in two controlled environment units basically similar to that used previously (Gibson 1963 ) but with numerous modifications to their design. Each unit contained four root temperature tanks, with the temperature control the same as before. Shoot temperature was controlled within the units, the air being circulated over cooling coils and heating elements. There was separate thermostatic control of shoot temperatures for light and dark operation. A bank of 20 Philips TLFj125WRS tubes plus four Mazda 2 ft 75-W incandescent tubes was separated from the main chamber by two t in. plate glass partitions and cooled by forced draught. The light intensity 2 in. above the root tanks was 2000 f.c., as measured by an E.E.L. photometer, during the treatment period, but only 1000 f.c. during the pretreatment period.
For experiment I, the root temperatures were Sand lSoC, with a shoot temperature regime of lS0CjSOC (i.e. lSoC during the 16-hr light period, SoC during the S-hr dark period). The plants received these conditions for 20 days after pretreatment.
For experiment II, the root temperatures were 20, 25, and 30°C. The shoot temperature regime was 25°Cj20°C and the light period 16 hrjday. The plants received these conditions for 9 days after the pretreatment period.
For experiment III, the root temperatures were 22 and 30°C. Half the plants were grown with a shoot temperature regime of 30°C/25°C, and the remainder, 25°Cj20°C. The light period was 16 hr/day. The plants were grown for 10 days after the pretreatment period.
(f) Harvest
At harvest of experiments I and II, the roots were separated from the shoots immediately below the cotyledons, while whole plants were harvested from experiment III. Mter drying at SO°C for 4S hr, the roots, shoots, or whole plants were weighed. Groups of two or three plants were pooled for nitrogen determination, either on roots and shoots, or the whole plant.
(g) Nitrogen Determinations
Total nitrogen was determined by Kjeldahl digestion, distillation in a Markham still, and titration with O' 02N HCI in experiment 1. For the other experiments, the nitrogen in the digestion mixture was determined with a Technicon Auto-Analyser by a colorimetric method involving phenol and hypochlorite (J. R. Twine, unpublished data) and based on that of Logsdon (1960) .
(h) Relative Rates
The quantities "relative growth rate" (Rw) and "relative nitrogen assimilation rate" (RN) were derived as follows:
where WI and W 2 are the dry weights at times tl and t2
where N I and N 2 are total nitrogen values at times tl and t2•
III. RESULTS
(a) Low Root Temperatures (Experiment 1)
Fifteen days after germination, well-nodulated plants of four varieties, inoculated with each of six bacterial strains, were transferred to root temperatures of 8 and 18°0. Nitrogen controls were also included.
At the completion of the pretreatment or nodule-establishment phase, there were differences between the varieties, and also between the bacterial strains, in both plant dry weight and total plant nitrogen (Table 1 , pretreatment values). The varietal differences were greater than the bacterial strain effects for each of the two characters, although bacterial strain differences were highly significant (P<O ·001) for the total nitrogen data.
In Figure 1 , a comparison is made between the expression of results on an arithmetic scale and a logarithmic scale. On the arithmetic scale [Figs. l(a) and l(c)] there are marked differences between the varieties, and the strains, after the 20-day treatment period, although the significant differences after the pretreatment period are negligible on this scale. On the logarithmic scale [Figs. l(b) and l(d)], absolute differences between varieties, or strains, are secondary in importance to the slope of the lines, which are indicative of the relative rate of nitrogen assimilation. With this form of expression, greater cognizance is given to the stage of development after the pretreatment period than with arithmetically based forms of expression.
This point is well illustrated by the comparison of Bacchus Marsh and Dwalganup in Figures l(a) and l(b).
On the arithmetic scale, the total nitrogen value for Bacchus Marsh is 60% higher than that for Dwalganup, and similarly the amount of nitrogen fixed during the treatment period is greater for Bacchus Marsh. In Figure l( b) , the slopes of the lines for these varieties are similar although displaced vertically. Hence the apparent superiority of Bacchus Marsh over Dwalganup is largely due to a greater amount of nitrogen after the pretreatment period. This in turn is attributed to a higher initial nitrogen content of the Bacchus Marsh seeds (0 ·43 mg nitrogen per seed; cf. 0·30 mg nitrogen per seed for Dwalganup) and to greater nitrogen fixation by Bacchus Marsh in the pretreatment period (0·11 mg nitrogen; cf.0·05 mg nitrogen for Dwalganup). Similar relationships hold for the comparison of treatments based on their dry weight values.
These results show the importance of small differences between varieties, and strains, in the early stages of plant development, and their effect on the assessment of subsequent nitrogen fixation and growth. They also indicate that the use of ·T ( . , R Nand R w is a sounder basis for the comparison of the nitrogen-fixing ability and growth of the various symbiotic combinations than those based on a simple arithmetic comparison.
(i) Relative Nitrogen Assimilation Rate.-At 8°C root temperature, the mean RN was 0·085 mg Nlmg Niday, compared with a value of 0·119 at 18°C (Table 1) . The highest value for any variety at 8°0 was achieved by Tallarook, but at 18°0 Yarloop was superior to the other varieties.
The analysis of the data (Table 2 ) shows significant first-order interactions between host variety and bacterial strain, and host variety and root temperature.
The principal source of the variety X strain interaction was the low R N value for strain 0021 on Yarloop, when compared with relatively high R N values for this strain on the other varieties. Apart from this, the results for several other symbiotic combinations do not fit the pattern that may be expected from the overall results for either the variety or the bacterial strain. higher than those at 8°0 root temperature, although the difference varied with the symbiotic combination ( Table 1) . Analysis of the R w values showed a similar pattern to the analysis of R N' the main difference being the presence of an overall bacterial strain effect. This was due to the low R w values for strain NA30. In all comparisons within varieties, the R w value for the inoculated plants (mean over the six bacterial strains) was significantly less than the corresponding R w for the nitrogen controls, and the magnitude of these differences varied with both the host variety and the temperature. The smallest differences were found with Bacchus Marsh, while the inoculated Dwalganup plants achieved the poorest R w in relation to that of their nitrogen controls. Despite these differences, a number 
Overall mean: 
(b) Higher Root Temperatures (Experiment II)
Fifteen days after germination, well-nodulated plants of four varieties, inoculated with each of five strains of Rh. trifolii, were transferred to 20, 25, and 30°C root temperatures. The plants were harvested 9 days later when nitrogen-deficiency symptoms were showing in some treatments.
At the completion of the pretreatment phase, there were differences in plant dry weight, and total plant nitrogen, between the varieties. There were smaller differences between the bacterial strains for these parameters. Examination of the data on arithmetic and logarithmic scales, as in Figure 1 , again indicated the importance of considering pretreatment growth and nitrogen fixation levels when assessing the merit of various symbiotic combinations. Accordingly, R Nand R w values were calculated for all treatments.
TABLE 4 ANALYSES OF VARIANCE ON RELATIVE NITROGEN ASSIMILATION RATE (RN) AND RELATIVE GROWTH RATE (Rw) FOR FOUR VARIETIES OF T. SUBTERRANEUM INOCULATED WITH EACH OF FIVE STRAINS OF RH. TRIFOLII AND GROWN AT 20, 25, AND 30°0
ROOT TEMPEHATURE Significance levels in parentheses indicate statistical significance of first-order interactions, or Hmin-order effects, based on the relevant interaction error term 
(i) Relative Nitrogen Assimilation Rate.-While all strains achieved high RN values at 20°C, the values for three of the strains were consistently low on all varieties at 30°C (Table 3) . For Yarloop, the RN was higher at 25°C than at 20°C, but for all other varieties the reverse was true.
Analysis of the data (Table 4) showed that all three first-order interactions were statistically significant. The principal interaction was between bacterial strain and root temperature, due to the high temperature sensitivity of three of the five strains examined.
(ii) Relative Growth Rate.-The pattern of results was similar to that found for the RN values, although there were some marked exceptions to this generalization (Table 3 ). In general, the R w was less affected by the higher root temperatures than the R N • The analysis of the data (Table 4) showed a significant second-order interaction between the three principal variables. For the variety Yarloop, the R w values for the five strains at 20°C were not statistically different while the same applied to the R w values for the five strains on Dwalganup at 30°C. For all other varieties, there were differences between the R w values of the bacterial strains at all temperatures.
There was an overall effect due to host variety. This effect was much stronger than observed in the analysis of R N values.
(c) Experiment III
Well-nodulated plants of five varieties, inoculated with each of five strains of Rh. trifolii, were grown at 22 and 30°C root temperature for 10 days after pretreatment. The results from the two shoot temperature regimes were pooled.
Relative Nitrogen Assimilation Rate.-For all symbiotic combinations, the RN value for 22°C was higher than that for 30°C (Fig. 2) . There was considerable variation in the ranking of the strains on each variety, resulting in a highly significant variety X strain interaction (P<O·OOl). The strain SU489, a variant of strain TAl, achieved the lowest R N on all varieties.
The nitrogen-fixing ability of the strains was affected differentially by the root temperature (strain X temperature interaction, P<O ·01). There were considerable differences between the R N values for the strains at 22°C, but the magnitude of the differences was reduced at 30°C. None of the strains showed the marked decline in RN at 30°C found with strains NA30, WA7l, and CC17 in experiment II. Of the strains examined, strain SU489 showed the least fall in RN between 22 and 30°C.
IV. DISCUSSION
Studies of the response of nodulated legumes to inoculation with different bacterial strains, or to other nutritional or environmental treatments, are usually based on a comparison of total dry weights, total plant nitrogen, or total nitrogen fixed. The use of such parameters is valid when the plants have a similar initial weight and nitrogen content at the commencement of the pretreatment period, or where the intention is to examine the overall effect of nodulation rather than specific aspects of the symbiosis.
In the experiments reported in this paper, where the investigation is specifically restricted to nitrogen fixation, there were total nitrogen and dry weight differences between the plant-bacteria associations after the pretreatment or nodule establishment phase. By calculating relative nitrogen assimilation rates (RN) and relative growth rates (R w), the effect of these differences is taken into consideration (Fig. 1) . That the bias introduced by differences in the speed of establishment can be minimized by the use of R Nand R w indicates that this is a sOlmder basis for comparing nitrogen-fixing ability than those previously used. The use of this method should also The observation of significant differences at the completion of the pretreatment phase indicates that symbiotic combinations differ in the time taken to develop nodules and commence nitrogen fixation, even under favourable environmental conditions. The larger effect is due to host variety, and may be attributed primarily to differences in initial seed weight and nitrogen content, although some of the effect is due to differences in the rate of nodule establishment. The lesser bacterial strain effects are due entirely to differences on the rate of nodule establishment.
As anticipated, there are highly significant correlations between total nitrogen, and plant dry weight, before and after the treatment period. To determine whether the degree of establishment affected subsequent R Nand R w, correlation coefficients were calculated between the pretreatment data and the respective R Nand R w values at each temperature (Table 5) . In all cases, the correlation coefficients were lower than those calculated from logarithmic values of pretreatment and final harvest data, and Experiment I, r = 0·388 (P = 0·05), r = 0·496 (P = 0·01). Experiment II, r = 0·423 (P = 0·05), r = 0·537 (P = 0·01).
0·287 0·467* 0'452* in only two cases were the correlation coefficients still statistically significant. This suggests that R Nand R ware relatively independent of the stage of development at the completion of the pretreatment phase. There is a degree of homogeneity between the percentage nitrogen values for the various symbiotic combinations after pretreatment in each experiment; it is likely that wider differences between these val~es could have marked effects on the subsequent R Nand R w achieved.
(a) Differential Plant-Bacteria-Environment Responses
The results of the three experiments were characterized by a high degree of interaction between the three variables-host variety, bacterial strain, and root temperature. For some experiments, more than one first-order interaction is significant and considerable caution must be exercised in examining the results.
(i) Variety X Temperature.-The variety X root temperature interactions are strong in both experiments I and II. In both cases, Yarloop is involved. At the lower temperatures, it shows a larger increase in R N between 8 and 18°0 than any other variety. In the second experiment, Yarloop shows an increase in RN between 20 and 25°0, whereas the corresponding values for the other varieties show a decline over this range. Such an interaction is not found in experiment III, but this is almost certainly due to the use of different root temperatures and possibly different bacterial strains. For the lower root temperatures, there is also a variety X root temperature interaction among the nitrogen control plants (Table 1 ). The lower temperature result is in accord with Morley's (1958) finding of a variety X (whole plant) temperature interaction with varieties of T. 8ubterraneum grown between 16 and 24°0.
(ii) Strain X Temperature.-The interaction between bacterial strain and root temperature in experiment II is due to the comparative failure of three of the five strains to maintain a reasonable RN at 30°0. All five strains examined have high RN values at 20°0, but three of the strains show a deterioration in R N above this temperature, especially at 30°0. These strains NA30, WA71, and OCl7 all form nodules at 30°0 root temperature, although such nodules are frequently small. The results suggest that the symbiotic capacity of these strains is greatly reduced at higher root temperatures, irrespective of host, whereas this capacity is not greatly impaired by higher temperatures in the other strains examined. At lower temperatures, the performance of these strains which are sensitive to higher temperatures is similar to that of TAl and 00242; in some cases, OCl7 is slightly better than these strains. Overall, three of the eight strains tested exhibit high temperature sensitivity indicating a relatively high frequency of this character in Rh. trifolii populations. There is no indication that this character affects the symbiotic behaviour of the bacteria at optimum temperatures.
An unexpected result is the behaviour of strain SU489 in experiment III. At 22°0, the R N values for this strain are generally lower than the corresponding values for the other strains. However, the depressing effect of 30°0 root temperatures on the RN of this strain is less than the effect on the other strains. Thus the strain has retained the general characteristics of the parent strain, TAl, except for an overall reduction in its ability to participate in symbiotic nitrogen fixation. A similar result has been obtained with strain SU297 (Gibson, unpublished data) . Pate (1961 Pate ( , 1962 has shown a strain X (whole plant) temperature interaction in the overall nodulation and nitrogen fixation of M. tribuloides and V. atropurpurea. However, such interaction is probably due to a number of factors, as nodule formation, development, and function are involved.
(iii) Variety xStrain. -Gibson (1961 -Gibson ( , 1963 demonstrated host variety X bacterial strain interaction between two strains of Rh. trifolii and four varieties of T. 8ubterraneum with regard to nitrogen fixed. The present results show that this interaction is a common phenomenon in this species even where consideration is taken of pretreatment influences. Examination of the results [Tables 1 (x columns) and 3] shows that most strains, and most varieties, formed at least one association for which the results do not fit the overall pattern found for the strains or for the varieties. The level of interaction was highest in experiment III (Fig. 2) which had the widest range of host varieties. While the differences between the RN values, and also between the R w values, are frequently small, differences in total amounts. of nitrogen fixed or growth made may be considerable (Fig. 1) .
Although ineffective nodulation in T. pratense (see Nutman 1959) and T. subterrane~tm (Gibson 1964 ) has been ascribed to major genetic deficiencies in the host or the bacteria, or both, little is known of the genetic situation regarding small changes in the effectiveness level. This applies to both host and bacteria, while nothing is known of the control of the specific reactions between the two symbionts 
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in the nodule. It would appear that genes of small effect are involved; such genes probably control rates of reaction rather than causing general incompatibility. The occurrence of such specificity could assist the investigation of the nature of the more specific reactions involved in nodule function.
(b) Comparison of RN and Rw
In Table 6 , the ratio of RNIRw is shown for all inoculated treatments. Where the value exceeds 1·0, RN is higher than R w , indicating that nitrogen fixation is proceeding at a faster rate than dry matter accumulation. Similarly, a value of less than I . 0 indicates R N is lower than R wand nitrogen will become limiting for growth.
At 20°C in experiment II, all values are 1·0 or greater, whereas at 25°C root temperature, only those treatments involving TAl and CC242 have a value consistently exceeding unity. For the other three strains, there is considerable variability amongst the results. At 30°C, the ratio falls below 1·0 for all plant-bacteria associations and is particularly low for plants nodulated by the high-temperature-sensitive strains NA30, CCl7, and WA7l; other experience has shown that such plants die after 3 weeks exposure to this temperature. The relatively low R NI R w values for plants nodulated by strain TAl and grown at 30°C root temperature are different from the corresponding values calculated from earlier experiments (Gibson 1963) . In these earlier experiments, the values closely approximated to unity but such plants were grown with a lower shoot temperature regime (22°C/lOoC, cf. 25°Cj20°C in the current experiments) and a lower light intensity. The importance of shoot temperature will be examined in a later paper.
For experiment I, the rat.io is 1·0 or higher for all treatments, although the values at 18°C were considerably higher than those at 8°C. These plants had a low percentage nitrogen level at the completion of the pretreatment phase, but during the 20-day temperature treatment phase this level rose from 2· 0 to 2·9-3, 6, depending on the root temperature and the association. Thus even at 8°C root temperature a comparatively high RN is maintained. The slight nitrogen deficiency of these plants at the beginning of the treatment phase probably retarded the relative growth rate, but the fact that the R N has exceeded the R w indicates that nitrogen fixation is adequate for continued growth. This result may be influenced by the day length used for this experiment (16 hr) and work is proceeding to examine the matter in more detail.
The agreement between RN and R w in these experiments is not good (Table 6) , as seen from the variability in the ratios, both within a temperature and over the range of temperatures for anyone symbiotic combination. This is probably due to the greater variability in R N' especially at the higher root temperatures. The outstanding example of the lack of correspondence between R Nand R w is found with the variety Dwalganup at 30°C in experiment II (Table 3) , where the RN values for the strains were significantly different, but not the corresponding R w values.
These results indicate that the use of dry weight to estimate effectiveness of nitrogen fixation can be extremely misleading, particularly in short-term experiments. On the other hand, the use of R N to estimate the nitrogen-fixation ability of various symbiotic combinations appears to be a more rapid and reliable method than many of those used in the past.
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